Reticuloendothelial system (RES) phagocytosis has been quantitated after intravenous injection of two different sets of particles by determining the clearance rate of subsequently injected identical or nonidentical particles. Injection of carbon produced a biphasic RES paralysis consisting of an early transient phase followed by a delayed sustained phase. The two phases were separated by a distinct interval of greatly augmented clearance rates. The injection of aggregated albumin was followed only by a single period of depressed clearance, which corresponded to the first phase of carbon-induced inhibition. This first phase, designated immediate RES paralysis, was initiated by particle injection and its duration was related to the rate of particle removal, to the dose of particles injected, and to the presence of the particles in the circulation. The second phase, designated delayed RES paralysis, began sometime after the particles had been engulfed by the cells, was independent of the rate of particle removal, and persisted without the presence of measurable particles in the circulation. The evidence indicates that the immediate paralysis arises from a competition between the particles in the circulation, whereas the delayed paralysis arises from a cellular derangement inhibitory to further phagocytosis. In contrast to the usual description of RES blockade as a single sustained period of depression, the present experiments indicate that the phenomenon has two phases which can be dissociated in time and mechanism.
Reticuloendothelial system (RES) phagocytosis has been quantitated after intravenous injection of two different sets of particles by determining the clearance rate of subsequently injected identical or nonidentical particles. Injection of carbon produced a biphasic RES paralysis consisting of an early transient phase followed by a delayed sustained phase. The two phases were separated by a distinct interval of greatly augmented clearance rates. The injection of aggregated albumin was followed only by a single period of depressed clearance, which corresponded to the first phase of carbon-induced inhibition. This first phase, designated immediate RES paralysis, was initiated by particle injection and its duration was related to the rate of particle removal, to the dose of particles injected, and to the presence of the particles in the circulation. The second phase, designated delayed RES paralysis, began sometime after the particles had been engulfed by the cells, was independent of the rate of particle removal, and persisted without the presence of measurable particles in the circulation. The evidence indicates that the immediate paralysis arises from a competition between the particles in the circulation, whereas the delayed paralysis arises from a cellular derangement inhibitory to further phagocytosis. In contrast to the usual description of RES blockade as a single sustained period of depression, the present experiments indicate that the phenomenon has two phases which can be dissociated in time and mechanism.
The uptake of certain colloids by phagocytic cells in vivo can be inhibited by the prior injection of the same or a different colloid. Frequently, inert particles are used to induce this depressed state known as "reticuloendothelial (RES) blockade." Because such particles cannot be eliminated from the cell, it was thought that the decreased clearance rates represented cellular saturation and that the onset of the "blockade" dated from the progressive accumulation within the cells of the first set of particles injected (2, 3) . Recently, Normann, Lagunoff, and Benditt (20) measured simultaneously the vascular clearance of two dissimilar colloids (carbon and aggregated albumin), after their sequential injection into the circulation of a rat. The clearance rate of both particles was inhibited when both were present in the circulation. Their findings could not be explained on the basis of cellular satiation and suggested that one phase of RES paralysis is associated with the immediate events arising from the presence of particles in the circulation. On the other hand, Parker and Finney (22) Biology, 1967. served in mice that a period of normal clearance may follow particle injection and exist prior to the onset of RES paralysis. This latter observation suggests that a second period of RES depression may follow particle iniection and represent some form of cellular derangement induced by colloid ingestion. Therefore. it appears probable that the usual description of "RES blockade" as a single sustained period of depression, originating with particle injection, may not be correct; rather, the phenomenon may be composed of component parts which may be dissociated in time and mechanism.
The present report examines the possibility that different phases of RES paralysis exist by investigating the behavior of the system immediately after particle exposure in contrast to the behavior evident 24 (2) . However, the total amount of gelatin added to carbon was held constant so that only 5 mg of gelatin per 100 g of body weight was injected into any animal irrespective of the carbon dose. Aggregated albumin was prepared by controlled heating of bovine serum albumin and was labeled with the fluorescent reagent dimethylaminonapthelene suphonyl chloride (DNS-Cl from Sigma Chemical Co.) as described previously (20) .
The vascular clearance of carbon or DNS-labeled aggregated albumin was determined by injecting intravenously a standard dose of either 10 mg of carbon or 4 mg of aggregated albumin per 100 g. After injection, blood samples were obtained from the femoral vein at regular time intervals. Clearance was measured over a 15-min period except in those instances of accelerated clearance. Blood was obtained in heparinwashed syringes with particular care taken not to introduce the anticoagulant into the circulation. The carbon concentration in each sample was determined by optical density measurement (20) , where as the clearance of the aggregated albumin was measured by the decrease in plasma fluorescence (20) . The plot of the logarithm of the particle concentration versus time yielded a straight line for both particle suspensions; the slope of this line was computed by linear regression and designated the clearance rate constant or K. Comparisons between the clearance rates obtained in different experiments was performed using Student's t test for comparison between group means with unequal population sizes (21) .
In the studies to be described, the initial particle injection was followed by a subsequent injection of eithercarbonorlabeled aggregated albumin. The time interval between the two injections was varied so that the effect induced by the initial injection could be evaluated at different times. Multiple determinations were made at each interval, and the value recorded represents an average determination on two or more animals. rate was observed for each dose. However, the rate of carbon removal was relatively constant and independent of the amount of albumin injected (K = 0.015 compared to a control of 0.036 with a standard deviation of 0.009 determined on 50 animals). A more effective paralysis of RES function as measured by carbon was not achieved by increasing the dose of aggregated albumin. On the other hand, the duration of the paralysis was dependent on the albumin dose and lengthened as the dose of the particle injected increased. For aggregated albumin doses greater than 4 mg/100 g of body weight, the paralysis terminated in a state of accelerated clearance (K greater than 0.060). Induction of the accelerated clearance state was not as effective nor was the duration sustained when the dose was reduced to 1 mg/100 g and was barely apparent at a dose of 0.5 mg/100 g. Moreover, the accelerated clearance state induced by a 10-mg dose had disappeared by 24 hr ( Table 1 ), whereas that induced with a 30-mg dose produced significant elevation in clearance rate at that time. Thus, it appeared that the induction and the duration of the increased carbon removal rate depended upon the dose of aggregated albumin injected.
RESULTS
In the next series of experiments, the sequence of particle injection was reversed and the effect of an initial injection of carbon was evaluated by the clearance of a subsequent injection of labeled aggregated albumin (Fig. 2) . Three different injections of carbon were made of 10, 20, and 30 mg/100 g. When the aggregated albumin was injected immediately after the carbon and essentially during its removal, the rate of albumin clearance (K = 0.004) was significantly less than the rate observed in the absence of carbon (control albumin clearance K = 0.008 with standard deviation (2), who developed the carbon clearance method of evaluating RES function-increase the carrier colloid presumably to render the suspension more stable in blood. It appears probable that the content of gelatin and its source might be important variables. Accordingly, gelatin alone and gelatin addition to the carbon preparation were examined for their effect on carbon removal and induction of "RES blockade."
When gelatin was added to the carbon preparation in vitro and prior to its injection into animals, the carbon clearance rate decreased. This effect has been previously observed (10, 17) . In the present experiments, the same effect could also be achieved by the injection of gelatin alone. Table 2 compares the effect upon carbon removal rate of a prior injection of gelatin alone (5 mg/100 g), of carbon alone without supplemental gelatin, and of carbon with supplemental gelatin. The following features emerged. First, the gelatin alone was sufficient to produce a prolonged depression in the clearance rate of subsequently injected carbon. This effect occurred coincident to the gelatin injection and persisted for up to 24 hr. Secondly, if gelatin were added to the carbon preparation in vitro and prior to its injection into animals, a continuous and sustained period of depressed clearance resulted irrespective of the dose of carbon injected. Thus, gelatin addition eliminated the period of normal or accelerated clearance observed between the two periods of blockade produced by an injection of 30 mg of carbon per 100 g. Further, gelatin addition to either a small or a large carbon dose produced an effect equivalent to an injection of gelatin alone (Fig.  4) . Injection of the supernatant fluid of the original carbon preparation obtained after centrifugation at 45,000 X g for 2 hr had no effect upon carbon removal rate.
DISCUSSION
Phagocytic inhibition produced by colloid injection (RES blockade) is thought to be a single period of RES paralysis due either to a depletion of blood opsonins (8, 16, 18) or to a cellular limitation to further phagocytosis (1-3). In the present experiments, carbon injection produced a biphasic RES paralysis consisting of an early transient phase followed by a delayed sustained phase. These experiments provide evidence that RES blockade may be composed of at least two phases and each phase may involve a different limiting mechanism in phagocytosis. The phases have been designated as immediate or delayed paralysis to reflect their onset relative to the first set of particles injected. Table 3 Whereas two phases of RES paralysis were demonstrated for carbon, the injection of a different type of particle, aggregated albumin, was followed by a single period of depressed clearance, which corresponded to the first phase of carbon induced inhibition. It would appear that the nature of the particles is an important factor in the production of the second phase of paralysis. Since delayed paralysis is initiated after particles have been cleared from the circulation, the primary effect of the particles presumably is on the cell. The ability of the cell to catabolize the particle may be an important factor because a metabolizable particle, such as aggregated albumin, would be expected to have different cellular effects than inert particles such as carbon and thorotrast or toxic particles, such as silicon dioxide (23), certain lipid emulsions (26, 27) , or endotoxin (7, 14) . Indeed, a prolonged sustained period of RES depression has been associated with injection of each of the latter type of particles.
Injection of either carbon or aggregated albumin was followed by an immediate period of RES paralysis. The duration of this effect was related to the rate of particle removal, to the amount of particles injected, and to the presence of the particles in the circulation. Therefore some form of competition between the particles in the circulation, whereas, in delayed RES paralysis, there appears to be a primary cellular derangement.
The demonstration of two phases of RES paralysis depended upon producing a sufficiently short period of immediate paralysis so that a recovery period of normal or augmented clearance existed betwen the two phases of paralysis. Such a short period of clearance inhibition might easily be overlooked, since some particles of the first injection will be present in the circulation during this period. Adequate demonstration depends upon an observed change in the clearance rate of a second particle injected during clearance of the first. Thus, the clearance of DNS-labeled aggregated albumin was inhibited when injected during carbon clearance and, conversely, the clearance of carbon was inhibited when injected during aggregated albumin removal. Furthermore, the simultaneous determination of the clearance rates of both particles showed that there is an inhibition in the clearance rates of both particles (20) . However, not all particles would possess the necessary properties to compete with each other and a certain degree of specificity in the phenomenon would be expected; indeed, such specificity has been described (13, 16, 25, 28) .
Since the duration of immediate paralysis is dependent upon the numbers of particles injected as well as their rates of clearance, it should be possible to extend the period of immediate paralysis sufficiently so that an overlapping of the two periods of retarded clearance occurred. Gelatin addition to the carbon suspension prior to injection of the suspension into animals slows the rate of carbon removal. In addition, the presence of gelatin, which is very slowly removed, can itself retard the clearance of certain particles injected subsequently (13) . Thus, the prolonged slow removal of carbon observed after gelatin addition would be an example of the immediate type of RES paralysis sustained by the slow removal of the first particle injected (gelatin). Because gelatin can sustain a depression in carbon clearance rate, this fact alone, or the large carbon doses used, could account for the observations of Biozzi et al. of only a single period of depression after carbon injection (2) .
Recently, Jeunet and Good (9) suggested that RES depression involves both cellular and humoral factors which could be dissociated in an isolated perfused liver system. Although their conclusions are substantiated by the present study, an important distinction between the two model systems should be pointed out. Whereas repeated additions of aggregated albumin to an isolated perfused liver system produced an impaired clearance at the cellular level, repeated injections of either aggregated albumin (19) or carbon (4) in the intact animal results in faster and faster rates of clearance. That the system can actively increase its appetite for inert particles on each successive exposure in vivo indicates that, for all practical purposes, there is no limit to the capacity of the system to engulf particles. This fact renders untenable the hypothesis that the cause of delayed RES paralysis could be due to any form of cellular saturation (2), despite the historic acceptance of this theory. Therefore, a different form of cellular derangement must be involved. One possibility is a temporary failure of the cell to produce blood factors essential for phagocytosis. Pisano et al. (24) 
